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Transcutaneous electrical stimulation of the greater occipital nerve (ON-tES) has been clinically 

successful for ameliorating various chronic disorders, but the mechanism underlying its efficacy 

is unclear. This study aims at investigating its effect on the brain in terms of functional 

connectivity, focusing especially on changes within the default mode network (DMN) that is 

implied in processing self-related information and updating the internal reference point. 

Employing resting state functional magnetic resonance imaging, the differences in connectivity 

measures are evaluated across pre-, during-, and post-stimulation periods using a single-blinded, 

parallel study design. Two representative measures are used: static functional connectivity and 

dynamic connection variability. ON-tES was found to alter the DMN based on both measures. 

Static connectivity increased, and dynamic connection variability decreased, in particular during 

stimulation. This result suggests that ON-tES instantaneously enhances and stabilizes the functions 

of the DMN. Further investigation aimed to specify the roles of the anterior and posterior 

subdivisions of the DMN using ON-tES. The static functional connectivity of posterior DMN 

increased during stimulation and persisted after stimulation, but its dynamic connection variability 
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did not alter by stimulation. The static functional connectivity of anterior DMN was not affected 

by the stimulation, but its dynamic connection variability decreased significantly during 

stimulation. The functional enhancement of posterior DMN may be important for the long-term 

effect of ON-tES, whereas the stabilization of anterior subdivision may be a dominant factor in the 

instantaneous effect of the stimulation. This study addresses for the first time the changes in both 

static and dynamic connectivity due to ON-tES. The present findings elucidate how the working 

mechanism of ON-tES relates to the reconstruction of a sound internal reference managed by the 

DMN. The results of this study will prove useful in guiding future clinical applications of ON-tES. 
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CHAPTER 1 

INTRODUCTION 

1.1 Transcutaneous ON Stimulation  

To modulate specific brain areas is an exciting challenge in the field of neuroscience. Various 

methods such as psychopharmacologic agents and cognitive-behavioral training have attempted 

this. Among them, non-invasive and device-assisted neuromodulation techniques apply an external 

electrical, or magnetic, field to a part of the nervous system to change local neuronal activity. 

Particularly, the transcranial (or transcutaneous) electrical stimulation (tES) has been effective for 

alleviating symptoms of chronic disorders, i.e., chronic pain, movement disorders, depression, and 

abnormal phantom sensations (Lefaucheur et al., 2017). 

The technique applies a weak and constant electric direct current, ranging from 0.5 to 2.0 

mA, near a region of interest via electrodes. The current flows from an electrode with a positive 

voltage (anode) to the negative one (cathode), creating changes in electrical potential around the 

proximal regions. Direct electrical stimulation delivered on a peripheral nerve is able to induce 

constant neuronal inputs via the dorsal column pathway. Transcutaneous electrical stimulation of 

the greater occipital nerve (ON-tES) focuses on a peripheral nerve in the upper cervical area. It is 

one of the effective neuromodulation techniques for treating centralized pain disorders (Slavin, 

Colpan, Munawar, Wess, & Nersesyan, 2006) such as fibromyalgia (Plazier, Tchen, et al., 2015; 

Yoo et al., 2017), and migraines (Choi et al., 2016; Schoenen et al., 2016). This collection of 

empirical evidences suggests the general benefits occipital nerve (ON) stimulation can bring to the 

central nervous system. Nevertheless, the underlying mechanism of how ON-tES works on the 
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brain is not clear. The objective of this study is to investigate the mechanism by monitoring 

changes in the brain induced by the stimulation. 

 

1.2 ON Stimulation and Autonomic Nervous System 

Based on previous evidence, stimulating ON may indirectly activate the brain regions 

implicated in various pathologies. Vanneste, Langguth, and De Ridder (2011) stimulated the 

greater occipital nerve to treat tinnitus, and found that ON-tES has a pathway that reaches the 

auditory system indirectly. The authors further suggested that electrical stimulation on the cervical 

area can emulate inputs to trigeminal ganglia, which innervates to auditory center in the brainstem 

(El-Kashlan & Shore, 2004; S. Shore, El Kashlan, & Lu, 2003; S. E. Shore, Vass, Wys, & 

Altschuler, 2000). Therefore, the indirect working mechanism of ON-tES may originate from the 

functional connection of the upper cervical nerve to the brainstem. 

A deeper discussion is needed to specify target regions that ON stimulation activates. The 

upper cervical nerve field that includes ON is known to have a dense projection to nucleus tractus 

solitarius (Loewy & Burton, 1978; Menetrey & Basbaum, 1987), a region in the brainstem that is 

central in the autonomic nervous system (Novak, 2007). The autonomic nervous system works to 

maintain one’s vitality, and thus modulates the internal bodily and brain functions in response to 

the external perturbations (Jänig, 2008). Once nucleus tractus solitarius receives information, it 

can evoke physiological actions as a response via dorsal motor nucleus in vagus nerve (Davis, 

Derbenev, Williams, Glatzer, & Smith, 2004), which is associated with the general spectrum of 

autonomic outputs (Browning & Travagli, 2003; C. Chen & Rogers, 1997; Cheng, Powley, 
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Schwaber, & Doyle, 1999; Grabauskas & Moises, 2003). These evidences support that there is a 

physiological connection reaching from ON to the autonomic nervous system. 

Studies employed ON-tES showed that the stimulation can modulate the level of autonomic 

system activity. Sobocki, Herman, and Fraczek (2013) used invasive ON stimulation and 

successfully increased the level of the autonomic activity in general to reduce the level of obesity. 

Tyler et al. (2015) found that transcutaneous ON stimulation could specifically reduce the 

sympathetic autonomic responses afterwards. This empirical evidence supports the validity of the 

indirect working mechanism of ON stimulation, which involves the moderation of the autonomic 

nervous system. 

 

1.3 ON Stimulation and Allostasis 

The empirical evidences on ON stimulation suggests that its working mechanism relies on 

the way the autonomic nervous system is governed. The primary objective of the autonomic 

nervous system is to modulate the internal system to adapt to changes in the internal and external 

environments (Jänig, 2008). This process is two-fold: the first is to adjust the current state in short-

term to the reference against external perturbations, and the second is to update the internal 

reference point for a long-term adaptation to the shifts in the internal state (P. Sterling, 2012; P. E. 

Sterling, Joseph, 1988). The state refers to the representation of functions and behaviors in one’s 

system, i.e., the level of vigilance. The internal reference point of the state defines what one’s 

system is expecting to be a normal state, i.e., the level of vigilance in the day is higher than in the 

night. The active process of retrieving the reference point is called “allostasis,” (P. E. Sterling, 

Joseph, 1988), and the degree of adjustment that the system bears as a result is “allostatic load.” 
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(McEwen, 1998) When ON stimulation conveys inputs to the autonomic nervous system, they 

seem to become a part within the process of allostasis in a direction probably beneficial for the 

internal state. 

Allostasis governs the internal state by actively predicting the upcoming changes in the 

internal environment (P. Sterling, 2012). It process thus requires higher-level cognition that can 

appraise the internal and external environments based on the previously acquired information. A 

seminal recent study identified the neural correlates of allostasis in core functional networks of the 

brain in large human samples (Kleckner et al., 2017). It is suggested that the allostatic load caused 

by excessive disturbances to the current state may be one of the underlying causes of chronic 

neuropsychiatric disorders (Juster, McEwen, & Lupien, 2010; Lupien, Maheu, Tu, Fiocco, & 

Schramek, 2007; McEwen & Gianaros, 2011; Simons, Elman, & Borsook, 2014). If ON 

stimulation is able to modulate the allostasis via a functional network involved in allostasis, this 

link may provide the mechanism of how ON-tES can treat chronic pathologies such as centralized 

pain. 

The connection between allostatic load and the chronic disorders needs to be specified. Some 

external disturbances imposed on the internal system may include stimuli such as pain and the 

negative affect. If the brain is resilient enough, it can handle the resultant allostatic load without 

causing outstanding deviances in the internal reference state. When external stressors are excessive, 

however, the reference state is shifted to the abnormal degree. In other words, an acute stressor 

from the environment may induce allostasis for the system to adapt, and as it continues, one’s 

system loses the resilience to restore the desired reference state and gradually forms the new 

reference in order to minimize the energy consumed due to allostasis (McEwen & Gianaros, 2011; 
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Simons et al., 2014). This maladaptation results in the unwanted chronification of pathologies 

within one’s system (Simons et al., 2014). An increasing number of evidences indicate that the 

allostatic load and the maladaptation against it can explain the onset of various chronic pathologies 

(McEwen & Gianaros, 2011), such as pain (Borsook, Maleki, Becerra, & McEwen, 2012; A. Craig, 

2003; Simons et al., 2014), tinnitus (De Ridder, 2011), addiction (Koob & Le Moal, 2001; Nestler, 

2004) and mood disorders (McEwen, 2003). Thus, a successful modulation of allostasis in these 

pathological cases will be related to normalizing the disrupted reference point. 

Empirical evidences from applying ON-tES on chronic disorders suggest that this technique 

is capable of easing allostasis. ON stimulation has been especially effective in treating intractable 

and chronic pain, such as fibromyalgia (Plazier et al., 2014; Plazier, Ost, Snijders, et al., 2015), 

chronic headache (B. Burns, Watkins, & Goadsby, 2007; Y.-F. Chen et al., 2015; Fontaine et al., 

2016; Goadsby, Bartsch, & Dodick, 2008; Perini & De Boni, 2012; Saper et al., 2011), and low 

back pain (Paicius, Bernstein, & Lempert‐Cohen, 2007). Especially in fibromyalgia, ON 

stimulation induced a long-term efficacy that lasted for as long as six months (Plazier et al., 2014). 

According to the concept of allostasis, the chronic pain may arise from the maladaptive shift in the 

internal reference point that regards the state with pain to be normal (P. Sterling, 2012). The 

efficacy of ON-tES on fibromyalgia hints that the stimulation is capable of correctly adjusting the 

disrupted reference point for the clinical populations. In short, the physiological connections from 

ON support the stimulation effect of ON-tES upon the autonomic system and the associated central 

nervous system to eventually link the efficacy of ON stimulation to the normalization of allostasis. 
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1.4 ON Stimulation and Central Nervous System 

Regarding the relationship of the effect of ON-tES and allostasis, one missing link is how 

ON stimulation can affect the brain. This section addresses the connection between ON and the 

central nervous system, potentially via the autonomic nervous system. There is an interactive 

communication between the central and the autonomic nervous system (Kandel, Schwartz, & 

Jessell, 2000). One of the important regions where two types of information converge is 

ventromedial prefrontal cortex/pregenual anterior cingulate cortex (Critchley, 2005; Critchley et 

al., 2003; S. W. Wong, Massé, Kimmerly, Menon, & Shoemaker, 2007). It is connected to the 

nucleus tractus solitarius and exerts central control over the autonomic responses (Neafsey, 

Terreberry, Hurley, Ruit, & Frysztak, 1993; Terreberry & Neafsey, 1983). Stimulating ON may 

thus be able to reach the anterior cingulate cortex via nucleus tractus solitarius. Previous studies 

with invasive ON stimulation analyzed blood flow rate, and found pain-related changes in activity 

in dorsal anterior cingulate cortex (Matharu et al., 2004). By monitoring blood-oxygen-level 

dependent (BOLD) signal with resting state functional magnetic resonance imaging (rsfMRI), 

another study located changes in pregenual anterior cingulate cortex (Kovacs et al., 2011). 

Furthermore, a recent study on non-invasive ON-tES showed that ON stimulation alters activity 

and functional connectivity between dorsal and pregenual anterior cingulate cortices using 

electroencephalography (De Ridder & Vanneste, 2016). In short, ON stimulation may be able to 

induce changes in the brain via anterior cingulate cortex, which is a bridge between the autonomic 

and the central nervous systems. It is thus proposed that ON stimulation will induce changes in the 

functional network that involves the anterior cingulate cortex. This region is notable as a functional 
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hub in two core functional networks that are central for allostasis (Barrett & Satpute, 2013; 

Kleckner et al., 2017), which the default mode and the salience networks are. 

The default mode network (DMN) is one of the core functional networks in the brain 

validated across multiple imaging modalities and functional imaging studies that targeted an 

abundance of behaviors and pathologies (Raichle, 2015). This network consists of structurally 

woven the brain regions (Michael D Greicius, Supekar, Menon, & Dougherty, 2009; Honey et al., 

2009) that are coherently active at rest, and deactivated when an attention-demanding task is 

present (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; Raichle et al., 2001). In regards to 

allostasis, it appears that the DMN monitors both the cognitive and autonomic information (Baars, 

Ramsøy, & Laureys, 2003; Babo-Rebelo, Richter, & Tallon-Baudry, 2016; Babo-Rebelo, Wolpert, 

Adam, Hasboun, & Tallon-Baudry, 2016) and generates an internal reference point of the 

functional state (Buckner, 2012; Hassabis & Maguire, 2009; Mesulam, 2012) that one aims to 

adjust the current state to (Raichle, 2015). The salience network is involved in detecting 

outstanding information that perturbs the internal state (Critchley & Harrison, 2013; Goulden et 

al., 2014; Seeley et al., 2007; Sridharan, Levitin, & Menon, 2008). It may activate to shift the 

current state (A. B. Craig, 2009) by signaling the degree the current state is away from the reference 

(Ham, Leff, de Boissezon, Joffe, & Sharp, 2013), and imposing central control to actually perform 

allostasis (Critchley, 2004; Seth, 2013). In other words, the DMN is likely to set the internal 

reference point, while the salience network induces awareness of the difference from the reference. 

These two functional networks are important markers that indicate the brain changes related to 

allostasis. 
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1.5 Objectives, Hypotheses and Study Plan 

Previous sections addressed the connection from ON to the autonomic and central nervous 

system. Figure 1.1 shows the pathway of interest that physiologically links from the ON, passes 

through autonomic centers, and finally relays in the DMN. Empirical evidences show that ON-tES 

is able to modulate the autonomic activity, and suggest that its working mechanism is relevant to 

normalizing allostasis. Consequently, the stimulation effect may alter the functional networks 

related to managing the autonomic nervous system and the process of allostasis. This study aims 

to assess the brain changes induced by transcutaneous ON stimulation. In order to identify the 

brain changes that are common across populations, this study recruited healthy subjects for a one-

time resting state session. To observe the stimulation-dependent changes, regional BOLD signals 

over time will be analyzed using rsfMRI. BOLD signals will be measured at pre-, during-, and 

post-stimulation, and the results will be processed to yield the static and dynamic functional 

connectivity measures of active- and sham-stimulated subject groups. 

The focus is specifically placed on the DMN. It is where the autonomic and cognitive 

information converge for a more comprehensive modulation over them both (Baars et al., 2003; 

Kleckner et al., 2017). The healthy subjects recruited in this study were free of baseline pathologies, 

and there were no tasks given for them. Thus, a majority of stimulation-induced shifts in their 

brains are likely to be about the internal state and task-independent processing (Damoiseaux et al., 

2006; Michael D Fox & Raichle, 2007). As mentioned, the DMN is active during resting state, and 

is involved in creating and updating the reference point (Raichle, 2015). On the other hand, the 

salience network is more related to predicting and processing significantly different information 

(Ham et al., 2013), and seems to be disturbed in pathological populations (Goodkind et al., 2015). 
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Thus, this study aims to observe specific changes in the DMN. It is hypothesized that ON 

stimulation may be able to enhance functions of the DMN for updating the reference state by 

increasing its functional connectivity. 

 

 

Figure 1.1. Graphical model of ON projection reaching to central nervous system, specifically 

DMN. 

Abbreviations: ACC = Anterior cingulate cortex, PCC = Posterior cingulate cortex, DMNV = 

Dorsal motor nucleus of vagus, NTS = Nucleus tractus solitarius, ON = greater occipital nerve 

 

It is also noteworthy that there are two functionally separable clusters within the DMN, 

largely anterior and posterior subdivisions (Damoiseaux et al., 2008). Anterior DMN (aDMN) 

includes more frontal regions, such as medial prefrontal or anterior cingulate cortices and parts in 

anterior temporal cortex; posterior DMN (pDMN) has precuneus or posterior cingulate and parietal 

cortices, respectively (Buckner, Andrews‐Hanna, & Schacter, 2008; Damoiseaux et al., 2008; 
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Uddin, Clare Kelly, Biswal, Xavier Castellanos, & Milham, 2009). They deserve a deeper analysis, 

because each seems to have distinct roles in communicating with the autonomic system. 

Ventromedial prefrontal cortex or pregenual anterior cingulate cortex in aDMN is significantly 

relevant to the sympathetic autonomic responses (Jennings, Sheu, Kuan, Manuck, & Gianaros, 

2016; Nagai, Critchley, Featherstone, Trimble, & Dolan, 2004; Park, Correia, Ducorps, & Tallon-

Baudry, 2014; Thayer, Åhs, Fredrikson, Sollers III, & Wager, 2012; Vogt & Derbyshire, 2009). 

Posterior cingulate cortex or precuneus of pDMN appears to be more involved in the 

parasympathetic processes in comparison to the anterior cingulate cortex (Beissner, Meissner, Bär, 

& Napadow, 2013). Recently, Babo-Rebelo, Richter, et al. (2016) showed that pregenual anterior 

cingulate and posterior cingulate cortices encode different aspects of self-referential information 

in relation to the heartbeat. In sum, aDMN and pDMN interact with the autonomic system 

differently. In addition, aDMN and pDMN take different roles in processing one’s internal model. 

While aDMN is involved in assessing the contents of information (Ersner-Hershfield, Wimmer, & 

Knutson, 2008), pDMN is activated during the self-referential thinking itself (D'Argembeau et al., 

2010; Sestieri, Corbetta, Romani, & Shulman, 2011). Thus, ON stimulation may affect aDMN and 

pDMN differently. 

The main effect of ON-tES is compared using both the static and dynamic functional 

connectivity in pre-, during-, and post-stimulation periods across two independent groups that are 

active- and sham-stimulated. Static functional connectivity quantifies the temporal coherence of 

BOLD signal across the whole acquisition time, and dynamic connection variability investigates 

how connectivity is fluctuating over time within observation window. Higher within-network 

static connectivity can be interpreted as the better utilization of a particular network, thus enhanced 
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functionality that network performs (Engel, Gerloff, Hilgetag, & Nolte, 2013). Higher dynamic 

connection variability can be regarded as the higher functional flexibility (Zhang et al., 2016), or 

the lower stability/synchrony of the functional network (Deco & Kringelbach, 2016). In general, 

the weight of static connectivity and the dynamic connection variability are correlated in the 

opposite direction. It is hypothesized that when the static connectivity weight increases, the 

dynamic connection variability will decrease. In a study that measured the effect size of 

transcranial direct current stimulation (tDCS) on the central nervous system, the stimulation 

imposed the strongest effect 15–25 minutes after session (Kuo et al., 2013). Nonetheless, ON 

stimulation hypothetically depends on the more indirect pathway to reach the central nervous 

system, and the cessation of stimulation is likely to discontinue the emulated communication 

between autonomic and central nervous systems. Therefore, the main effect of ON-tES may be 

less persistent at post-stimulation, unlike tDCS on the brain. 

ON stimulation has been effective in a various spectrum of conditions, but its central 

mechanism is only presumed. This is the first study to address the effect of ON stimulation upon 

the central nervous system at the level of functional connectivity, with both static and dynamic 

connectivity measures. Based on the results, one may be able to understand the working 

mechanism of ON stimulation better, plan a more effective treatment, and expand ways of utilizing 

the technique in the clinical populations. 
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CHAPTER 2 

METHODS 

2.1 Subjects 

 This study recruited 30 healthy, right-handed 18-40 year-old adults. The participants were 

asked to report any history of neuropsychiatric disorders and/or current medications, and those 

with any current prescriptions were excluded from the study. Any heart-related disorders or asthma 

concerns were also recorded for consideration during recruitment. Possibly pregnant subjects were 

not allowed to take the MR scan, and a urine pregnancy test was required if the subjects were 

unsure. Those who had surgeries or ferromagnetic objects placed inside their bodies could not 

participate. Every subject was asked to fill in the questionnaire screening form prior to tES 

stimulation for safety, which is attached as appendix A (Keel, Smith, & Wassermann, 2001). The 

exclusion criteria of tES included previous history of epileptic insult, head injury, diagnosis of 

neuropsychiatric disorders, taking neuropsychiatric medications or prescribed stimulants, and 

chronic use of illicit drugs, i.e., marijuana and cocaine.  

The recruited subjects were assigned to either active or sham groups based on the 

stratification method to match for the age and gender ratio. As a result, the active-stimulated group 

had the age range of 22.27 ± 2.87 years, and the gender ratio of 7 males to 8 females. The sham-

stimulated group had the age range of 22.87 ± 5.26 years with the gender ratio of 8 males to 7 

females. 
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2.2 Preparation 

An MR-compatible tES system manufactured by MR NeuroConn Co. (Germany) was driven 

by battery power inside the MR scanner. All of the operating parts and devices that go into the 

scanner room were MR-compatible and the rest were in the control room. Devices inside and 

outside the scanner room were connected via the CAT.6 LAN cable through a waveguide. The tES 

system was fully charged before each session, and its impedance level was measured regularly to 

test if it was maintained at approximately 5 kΩ on each end, and 10 kΩ total. 

The ON dermatome nerve of subjects was stimulated during the MR scan. This was done by 

putting the rubber electrodes marked anode and cathode (size of 7 × 5 cm2), which were covered 

by saline-soaked sponges, on the back of the head (Figure 2.1). Before putting the electrodes on, 

the skin was examined for any visible lesions or inhomogeneous surfaces. Once the electrodes 

were positioned, the experimenters adjust the rubber straps to tighten the electrodes on the desired 

area and ensure that the contact was appropriate. All the devices were fully connected to the MR-

compatible components before the session began, and the tES device stayed powered on until the 

session ended completely. Before the MR session, all subjects were tested with the sham 

stimulation setting to check for any discomfort or device issues. For the sham-stimulated group, 

the device ramped up the current briefly and faded out instantly, delivering no net current on the 

scalp (Figure 2.2). During the session, the experimenters monitored the impedance level imposed 

on the subject and paused the session if the impedance became higher than 20 kΩ. 
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Figure 2.1. Representation of the greater occipital nerve (ON) and the application of the tES. 

 

2.3 Experiment 

For the stimulation parameters, 1.5 mA direct current stimulation was applied for 20 minutes 

in the during-stimulation block only; ramping up (fade-in) was 30 seconds long, and ramping down 

(fade-out) was 10 seconds long in order to aid subjects in habituating to stimulation-induced 

sensations, as well as to prevent any ripple effect around the temporal boundary of stimulations 

from occurring. For the sham stimulation, all other parameters were the same, but the duration of 

the stimulation was 15 seconds long. The shield cables connected the MR-compatible box and 

electrodes, and the stimulation data was transferred via the CAT.6 LAN cable that ran from the 

MR scanner room to the non-MR-compatible stimulation devices in the control room (Figure 2.3). 

The MR session with tES was divided into three consecutive blocks; pre-stimulation, during-

stimulation, and post-stimulation scans. At the beginning of the pre-stimulation session, routine 

survey and T1 anatomical images were acquired for about a total of five minutes. After acquisition 

of T1 images, the MR session was paused and the experimenters positioned the wet electrodes on 

the subject for three consecutive sessions of fMRI. For each of the scanning sessions, 20-minute 

long resting state fMRI images were acquired for each of three blocks, which were pre-tES, during-
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tES, and post-tES. After the session was completed, subjects were asked to inform the 

experimenter about the sensations and any possible adverse effects experienced during the tES 

session using the questionnaire adapted and revised from a previous study, which is attached as 

appendix B (Fertonani, Ferrari, & Miniussi, 2015). 

 

2.4 MR Scanning Protocol 

All MR images were acquired using Philips Achieva 3T scanner. A 32-channel SENSE 

phased-array head coil, which is receive-only, was used for the scanning. The dimension of the 

coil was 38 (height) × 46 (width) × 59 (length) cm3. For the T1 (MPRAGE) anatomical scan, 

parameters were a repetition time (TR) of 1300 ms, an echo time (TE) of 2.94 ms, an inversion 

time (TI) of 900 ms, and a flip angle of 9◦. 160 sagittal slices were taken, using a scanning 

resolution of 256 × 256 mm2, at a 1 × 1 × 1 mm3 resolution. 

Resting state fMRI sequences were acquired using the following imaging parameters (echo-

planar imaging protocol): TR/TE = 3000/30 ms, FOV = 220 × 220 mm2, scanning resolution = 80 

× 80 mm2, number of slices = 53 with voxel size = 3 × 3 × 4 mm3 with no gap between slices. Total 

number of acquired volumes was 400, counting for 20 minutes. 

 

2.5 MR Imaging Preprocessing 

2.5.1 Normalization and denoising. MR images were preprocessed using Statistical 

Parametric Mapping (SPM12b, Wellcome Department of Imaging Neuroscience, University 

College London, UK). Images from the first five TRs in the beginning of each session were 

discarded. High-resolution structural images were normalized to standard MNI template, and 
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segmented for three structural components, which were gray matter, white matter, and 

cerebrospinal fluid. Functional images were realigned to the middle volume to correct for motion 

artifacts. Slice-timing correction was adjusted for temporal discrepancies between z-direction 

slices acquired in an interleaved manner. After the coregistration of functional volumes to the 

structural image (T1), volumes that contained extreme movements were linearly regressed out as 

covariates using Artifact Detection Tool (Gabrieli Lab, MIT, US, 

http://www.nitrc.org/projects/artifact_detect/). Functional images were normalized to the standard 

template using nonlinear transformation parameters acquired by the process of normalizing 

structural images to the standard template (Ashburner & Friston, 1999; Friston et al., 1995). 

 

 

Figure 2.2. Visualization of tES montage used in this study. Active stimulation lasts for net 1240 

seconds, including 30-second ramp-up, 1200-second stimulation at constant 1.5 mA, and 10-

second ramp-down. Sham stimulation lasts for a net 55 seconds, including 30-second ramp-up, 15-

second stimulation at a constant 1.5 mA, and 10-second ramp-down. Stimulation for 15 seconds 

is the minimum provided by the device. 

 

http://www.nitrc.org/projects/artifact_detect/
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Figure 2.3. Graphical representation of MR-compatible tES setup 

 

After normalization, the images were further processed to account for physiological and 

motion-related noise using independent component analysis. Confounding factors of signals from 

white matter and cerebrospinal fluid were linearly regressed out from the global signal using 

aCompCor (Behzadi, Restom, Liau, & Liu, 2007). Global signal regression was performed using 

the grand averaged signal from the gray matter volume. Its standard deviation across time is known 

to increase when the level of vigilance decreases (C. W. Wong, Olafsson, Tal, & Liu, 2013), thus 

the effect was corrected as a covariate. 
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2.5.2 Filtering BOLD signal. After the normalization and denoising steps, preprocessed 

BOLD time series were extracted for each region of interest (ROIs) that were averaged across all 

voxels within one ROI. Each time series was filtered at the narrow band of .042–.083 Hz. It has 

been addressed that specific frequency bands of the BOLD signal carry different physiological 

meaning, along with significantly different properties in functional network (Achard & Bullmore, 

2007; Achard, Salvador, Whitcher, Suckling, & Bullmore, 2006; Sasai et al., 2014). 

Specifically, .040–.070 Hz band appears to be less affected by physiological artifacts (Glerean, 

Salmi, Lahnakoski, Jääskeläinen, & Sams, 2012), i.e., vascular signals (D'Esposito, Deouell, & 

Gazzaley, 2003), and more functionally relevant compared to the slower or faster frequency bands 

(Biswal et al., 1995; Ponce-Alvarez et al., 2015). In this study, the similar .042–.083 Hz band was 

used, which was given as the analytic outcome of wavelet transform with the Nyquist sampling 

rate of .167 Hz (repetition time = 3 seconds).  

The wavelet transform was used for filtering the BOLD signal, a technique which enables 

the preservation of high-frequency details of the original signal (Percival & Walden, 2000). The 

wavelet transform puts the raw time series into time-frequency decomposed subsets of signals 

(wavelets). Discrete wavelet transform is a linear operation that discretely samples the signal 

subsets out of the original signal, and while it is functionally similar to the fast Fourier transform, 

individual wavelets hold information about both time and frequency. It has an advantage in 

rejecting noises and preserving the temporal resolution of original acquisition protocol (Graps, 

1995). The wavelet transform is known to be useful in analyzing fMRI data by subdividing signals 

into multiple resolutions and adapting to local time-dependent dynamics (Bullmore et al., 2004), 

and has been used in previous studies for analyzing brain states (Achard et al., 2006; Eryilmaz, 
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Van De Ville, Schwartz, & Vuilleumier, 2011). In this study, maximum overlapped discrete 

wavelets transform was performed using the package “wavelets” based on R (Aldrich, 2010; 

Percival & Walden, 2000; Team, 2013). Haar wavelet was used as the filter, since it is known to 

preserve the fine spatial details better than other wavelets (Nowak, 1999). As a result of this 

process, the frequency bands decomposed from the original signal are .083–.167 Hz, .042–.083 

Hz, .021–.042 Hz and .010–.021 Hz given that the sampling rate in fMRI acquisition protocol 

is .333 Hz approximately. Based on the previous literatures, this study focuses on the frequency 

band of .042–.083 Hz (Deco & Jirsa, 2012; Glerean et al., 2012; Senden, Reuter, van den Heuvel, 

Goebel, & Deco, 2016). 

 

2.6 Resting State Networks of Interest 

This study utilized an in-detail map of the brain derived by sharp changes in resting state 

connectivity patterns in the cortical regions of 120 healthy young adults (Gordon et al., 2014), 

which provided multiple delineated regions that contained unique resting state BOLD signals. It 

provided 333 ROIs in the cortical part of gray matter. The authors assigned these regions to one 

of the previously studied resting state networks, and DMN was selected, which has important 

functions in multimodal information processing (Uddin, 2015). Among 333 regions, those labeled 

as “Default” in accordance to the criteria provided by Power et al. (2011) were used in the analyses. 

Therefore, this study used 41 ROIs in the analyses.  

Out of 41 ROIs in the DMN, this study subdivided the anterior and posterior categories of 

the default mode network based on the criteria used in Uddin et al. (2009). Since its discovery, the 

DMN has been one of the most robust findings in relation to various functions and pathologies 



 

20 

(Raichle, 2015), as well as the underlying structural connectivity that supports the regional 

specificity (Honey et al., 2009). However, there have been indications that the DMN can be further 

subdivided into distinct patterns (Damoiseaux et al., 2008), which center around the medial 

prefrontal or anterior cingulate cortices (anterior DMN) and around the posterior cingulate and 

parietal cortices (posterior DMN), respectively (Buckner et al., 2008; Damoiseaux et al., 2008; 

Uddin et al., 2009). These two are also functionally segregated and spatially delineated. The 

anterior DMN (aDMN) appears to have anti-correlation with the network that is activated for 

visuospatial tasks (Uddin et al., 2009), and is correlated to the assessment of self-relevant 

information (Ersner-Hershfield et al., 2008). The posterior DMN (pDMN) is anti-correlated with 

the salience network (Uddin et al., 2009) that detects the presence of noteworthy information 

(Menon & Uddin, 2010), and activates during self-referential processing (D'Argembeau et al., 

2010) and episodic memory retrieval (Sestieri et al., 2011). In order to account for their spatial and 

functional heterogeneity, further analyses were performed on the DMN to investigate changes 

within and between the aDMN and pDMN (aDMN-pDMN). Results on the DMN for the first part 

of the dissertation are presented, counting all the regions from both aDMN and pDMN. Then, this 

study expands the perspective by subdividing the two as visualized in Figure 2.4. Geometric 

centroids of the ROIs are shown in Table 2.1 and 2.2. 

 

2.7 Static Functional Connectivity 

Static functional connectivity demonstrates a temporal coherence between two independent 

time series across the total length of data acquisition. In this case, static connectivity was evaluated 

for 20 minutes of rsfMRI. Based on the filtered BOLD signal, connectivity matrices of individual 
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subjects were constructed with the bivariate correlation for wavelet coefficients between a pair of 

signals from two ROIs, using WMTSA toolbox for MATLAB 0.2.6 (Percival & Walden, 2000). 

After the calculation, resulting correlation coefficients were transformed to Fisher’s Z values for 

comparison across groups. 

 

 

 

Figure 2.4. Visualization of all brain regions belong to anterior or posterior subdivision of DMN 
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Table 2.1. MNI centroids matched to the anterior DMN 

Side Name MNI (x, y, z) 

Left Medial prefrontal cortex -11.7, 26.7, 57 

Left Medial prefrontal cortex -5.6, 42.2, 35.1 

Left Posterior cingulate cortex -1.7, -17.7, 39.1 

Left Middle frontal cortex -19.5, 30.1, 45.5 

Left Dorsolateral prefrontal cortex -27.5, 53.6, 0 

Left Medial prefrontal cortex -5.9, 54.8, -11.3 

Left Subgenual cingulate cortex -6.8, 38.2, -9.4 

Left Middle temporal cortex -63.2, -28.7, -7.2 

Left Middle temporal cortex -53.1, -11.4, -16 

Left Medial prefrontal cortex -15.9, 48.6, 37.2 

Left Dorsolateral prefrontal cortex -19.5, 56.3, 27.5 

Left Medial prefrontal cortex -6.5, 54.7, 18.1 

Left Medial prefrontal cortex -15.7, 64.7, 13.7 

Left Pregenual cingulate cortex -6, 44.9, 6.3 

Left Dorsolateral prefrontal cortex -26.2, 26.6, 38.8 

Left Middle frontal cortex -29.3, 16.8, 50.7 

Left Dorsolateral prefrontal cortex -41.7, 16.1, 47.5 

Right Medial prefrontal cortex 11.9, 21.9, 59.9 

Right Pregenual cingulate cortex 7.7, 44.1, 5.5 

Right Posterior cingulate cortex 3, -19.6, 37.9 

Right Dorsolateral prefrontal cortex 21.9, 21, 46.2 

Right Middle temporal cortex 62.5, -25.6, -5.5 

Right Orbitofrontal cortex 4.8, 65.1, -7.1 

Right Ventrolateral prefrontal cortex 7.2, 48.4, -10.1 

Right Middle temporal cortex 57.5, -7.4, -16.4 

Right Medial prefrontal cortex 21, 32.8, 42.1 

Right Medial prefrontal cortex 21.4, 42.8, 35.1 

Right Orbitofrontal cortex 16, 61, 19.8 

Right Medial prefrontal cortex 8.2, 53.8, 14 

Right Medial prefrontal cortex 5.9, 54.9, 29.4 

Right Dorsolateral prefrontal cortex 13.8, 46.7, 42.1 

Right Medial prefrontal cortex 6.8, 44.5, 34.8 

Right Middle frontal cortex 30.6, 18.9, 48.7 

Right Middle temporal cortex 54.4, 1.1, -12.9 

Abbreviations: MNI = Montreal Neurological Institute template 
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Table 2.2. MNI centroids matched to the posterior DMN 

Side Name MNI (x, y, z) 

Left Precuneus -11.2, -52.4, 36.5 

Left Inferior parietal cortex -47.2, -58, 30.8 

Left Precuneus -39.3, -73.9, 38.3 

Right Precuneus 12.3, -51.6, 34.5 

Right Inferior parietal cortex 48.9, -53, 28.6 

Right Precuneus 7.4, -69.3, 49.9 

Right Inferior parietal cortex 46.5, -67.3, 36.2 

Abbreviations: MNI = Montreal Neurological Institute template 

 

Depending on which two ROIs ware selected, the connectivity weight may represent either 

of two specific quantities: within- and between-network connectivity. Within-network 

connectivity is defined for a correlation between two of ROIs within a certain network. On the 

other hand, between-network connectivity quantifies the correlation across two ROIs from two 

different networks. In this study’s case, it corresponded to the connectivity between anterior and 

posterior subdivisions of the DMN (aDMN, pDMN). The representative value of connectivity was 

calculated by averaging across all possible connections among ROIs within or between networks. 

 

2.8 Dynamic Functional Connectivity 

2.8.1 Calculation of instantaneous dynamic connectivity. Although static functional 

connectivity provides representative information for each condition block, it has limitations in 

measuring functional coherence that differs actively across time. Figure 2.5 shows an example of 

a time series that contains separate time segments with momentarily lower and higher temporal 

coherence. To account for such temporal variances, this study utilized the concept of dynamic 
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functional connectivity, which represented the coherence of time series in smaller time windows 

subdivided from the whole acquisition time (20 minutes). 

 

 

Figure 2.5. Difference between static and dynamic functional connectivity. A long consecutive 

series of BOLD signal contains lots of temporary coherence across two signals that are not 

considered for static connectivity analysis. Therefore, a need for dynamic connectivity analysis 

arises to investigate for the momentary changes in the connectivity. 

 

Dynamic functional connectivity is the three-dimensional temporal coherence between time 

series of ROIs, defined per time window; however, there are various approaches for the 

subdivision of time windows (Hutchison et al., 2013). One of the widely used is using sliding 

window correlation (Allen et al., 2014), which considers multiple windows with fixed time length. 

Its methodological limitation lies on selecting the appropriate window length for the analysis 

(Cabral, Kringelbach, & Deco, 2017). To resolve this issue, this study adopted the instantaneous 

connectivity calculated by the difference of signal phases across two time series (Deco & 

Kringelbach, 2016; Glerean et al., 2012; Ponce-Alvarez et al., 2015). We applied Hilbert transform 
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on a time series to obtain the instantaneous phase at each data point, and calculated the phase 

difference of two independent ROIs to estimate its degree with the cosine function. 

 Δ𝜃 = 𝜃𝑎(𝑡) −  𝜃𝑏(𝑡),       𝐶𝑎𝑏(𝑡) = 𝑐𝑜𝑠(Δ𝜃) (Eq. 2.1) 

The cosine of the phase difference (Cab) between regions a and b ranges from -1 (completely 

out of phase) to 1 (completely coherent). In this study, negative connectivity values are counted as 

zeros. 

Instantaneous dynamic connectivity has its own shortcomings. Connectivity values 

calculated in a short period are intrinsically vulnerable to fast-varying noises, and employing a 

longer time window allows the estimation to be more robust (Leonardi & Van De Ville, 2015; 

Shine et al., 2015; Zalesky & Breakspear, 2015). To take the advantages of the instantaneous 

connectivity avoiding this pitfall, this study used simple moving average across time series of 

dynamic connectivity, which resembled sliding windows and alleviated the noise effect (Hutchison 

et al., 2013; Shine et al., 2015). 

 𝑀𝑡 =
1

𝑤 + 1
∑ 𝐶𝑎𝑏(𝑡)

𝑡+𝑤

𝑡

 (Eq. 2.2) 

Given the instantaneous connectivity between regions a and b, simple moving average of 

connectivity 𝑀𝑡 is evaluated using the mean across all the values within a time window of w data 

points long. Selecting the length of this window follows the same regime as in the approach of 

sliding windows. Regarding this matter, Leonardi and Van De Ville (2015) have shown that the 

lowest frequency covered in the BOLD signal of interest defines the maximal length, and in this 

study, it equaled to approximately 24 seconds (the reciprocal of .042 Hz, the lowest filtered). Given 
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the repetition time of 3 seconds, the series of dynamic connectivity could be divided into multiple 

windows that were 8 data points long. Accordingly, this study used the instantaneous connectivity 

based on the phase difference, which was averaged across time windows that were as long as 8 

frames acquired in fMRI. 

 

2.8.2 Representative measures of dynamic connectivity. This study utilized temporal 

variability of connection, namely dynamic connection variability, as the measure for the 

assessment of dynamic connectivity. Dynamic connection variability evaluates the flexibility of a 

series of functional connectivity in terms of varying weights (Zhang et al., 2016). It quantifies the 

correlation of the connectivity pattern from one time window to another, and averages it across the 

number of pairs of time windows. This approach has been adapted from previous papers that 

evaluated the between-subject (Mueller et al., 2013) and temporal variance (Zhang et al., 2016) of 

functional connectivity. This paper altered the approach to be applicable on multiple functional 

connections, instead of a brain region. 

 𝑉𝑡 = 1 − 𝐸(𝑐𝑜𝑟𝑟𝑐𝑜𝑒𝑓(𝐶(𝑖), 𝐶(𝑗))) (Eq. 2.3) 

The indices of i and j indicate each time window that range from 1 to 400 for pre-, during-, 

and post-stimulation blocks (i, j = 1, 2 …400th window, where i ≠ j). C represents the sorted series 

of instantaneous connectivity within the DMN (k = 1, 2 …41st region). In the case of the second 

part of the analyses, C will be one of within-network connectivity of the aDMN, pDMN, and the 

between-network connectivity of the aDMN and pDMN; therefore, this equation finds the average 

across the correlation between connectivity patterns for all time segments, and represents how 
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large the value is. A higher connection variability will represent lower correlation of connectivity 

patterns across time, thus demonstrating higher functional dynamics. The graphical explanation on 

connection variability is shown in Figure 2.6. 

 

 

Figure 2.6. Representation of dynamic connection variability across time. For example, (A) shows 

a series of connections with weights highly variable across time (high connection variability); and 

(B) demonstrates connections that have an extremely coherent course of changes (low connection 

variability). 
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2.9 Statistical Analysis 

2.9.1 Quantification of the stimulation effect within and between groups. In this study, 

the effect of interest is how much the connectivity measures were altered in the DMN during and 

after the active stimulation in comparison to the baseline. The rate of change is quantified using 

the difference of connectivity measures in during- or post- from the pre-stimulation period. D 

refers to the proportion of change in static connectivity or dynamic connection variability (shown 

as C) in during- or post-stimulation period. One-sample t-test (one-tailed) for the difference at 

during- and post-stimulation periods identifies if the stimulation effect is significant in each 

condition compared from the baseline. 

 𝐷𝐷𝑈𝑅𝐼𝑁𝐺 =  
𝐶𝐷𝑈𝑅𝐼𝑁𝐺 −  𝐶𝑃𝑅𝐸

𝐶𝑃𝑅𝐸
,               𝐷𝑃𝑂𝑆𝑇 =  

𝐶𝑃𝑂𝑆𝑇 −  𝐶𝑃𝑅𝐸

𝐶𝑃𝑅𝐸
  (Eq. 2.4) 

Once the stimulation effect was verified per condition, a further analysis using independent 

two-sample t-test (one-tailed) was performed to compare the effect between groups. The t-test 

result indicated if the change at during- or post-stimulation period was significantly larger in 

active- than sham-stimulated groups. This difference across the groups was only quantified for the 

cases where the one-sample t-test was found significant. All the statistical analyses were performed 

using SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, 

NY: IBM Corp.). The significance criteria was set at p < .050 after the correction for multiple 

comparison, using Bonferroni correction for the number of cases. 

 

2.9.2 Validation of interdependence between static and dynamic connectivity. In addition to 

the separate representative measures from static and dynamic connectivity designs, this study 
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assessed how two of them were related to each other. Considering a set of studies on changes in 

static connectivity (Castellanos et al., 2008; Kennedy & Courchesne, 2008) along with Zhang et 

al. (2016), it appears that there is an anti-correlation between the weight of static functional 

connectivity and the dynamic connection variability. However, direct evidence that clarifies this 

dependence in the general population is yet to be provided. Therefore, this study showed the 

correlation between static connectivity and connection variability of connections to investigate 

their relationship. To verify if the ON-tES has an effect over this correlation, this study 

compared the degree of correlation coefficients of active- and sham-stimulated groups using a Z-

test on Fisher’s Z-transformed r values. 
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CHAPTER 3 

RESULTS 

3.1 Default Mode Network 

3.1.1 Static functional connectivity. The primary results showed that the changes in static 

connectivity of the Default Mode Network (DMN) are influenced by active stimulation, 

particularly during stimulation compared to the baseline. This study applied one-tailed one-sample 

t-test over the rate of connectivity changes calculated in during- and post-stimulation periods for 

active- and sham-stimulated groups. Figure 3.1 represents that the connectivity increases 

significantly in the during-stimulation period for active- (t(14) = 2.857, uncorrected p = .006, 

Cohen’s d = .738), but not for sham-stimulated group (uncorrected p > .050). Neither of the two 

groups, active or sham showed significant changes in the connectivity at post-stimulation period 

(uncorrected p > .050). Statistical significance was confirmed with the uncorrected p-values lower 

than .025 (Bonferroni correction for two trials). 

The group comparison using one-tailed independent t-test demonstrated that the connectivity 

significantly increases during the stimulation in active-stimulated group compared to sham (t(28) 

= 2.482, p = .010, Hedges’s g = .816). In sum, the ON-tES seems to increase the connectivity 

within the DMN only during the stimulation, not after. The actual values on the plot are provided 

in Table 3.1. 
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Figure 3.1. Group comparison between active- and sham-stimulated groups regarding the rate of 

static connectivity changes due to ON-tES stimulation. Stimulation increases connectivity within 

DMN in active-stimulated group, only during the stimulation. Stars on the horizontal bar indicate 

significance in one-sample t-test after Bonferroni correction for two trials (during- and post-

stimulation). Stars next to the rectangle indicate significance in independent t-test between active- 

and sham-stimulated groups. Error bars represent standard error. (* Bonferroni-corrected p < .050, 

** p < .010) 

 

Table 3.1. Group differences in the change rate of static functional connectivity in the DMN 

Group (n = 30)  During Post 

Active (n = 15) Mean 0.2086 0.0937 

 Standard error 0.0730 0.0852 

Sham (n = 15) Mean -0.0342 -0.0217 

 Standard error 0.0651 0.0805 

Note: Standard error was calculated using group standard deviation values divided by √15 

 

3.1.2 Dynamic functional connectivity. Changes in dynamic connection variability in the 

DMN appear to be significantly affected by active stimulation in the during-stimulation period 
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compared to the baseline. Again, one-sample t-test was applied on the change rate of the 

connection variability in during- and post-stimulation periods (Figure 3.2). The change was 

significant for only the active-stimulated group during the stimulation (t(14) = -3.689, uncorrected 

p = .001, Cohen’s d = -.954), but not for the other cases. Statistical significance was confirmed 

with the uncorrected p-values lower than .025 (Bonferroni correction for two trials). 

In a deeper analysis using two-sample t-test, active-stimulated group showed significant 

decrease of connection variability from the baseline during the stimulation compared to sham 

(Figure 3.2, t(28) = -1.883, p = .035, Hedges’s g = .689). The values shown on Figure 3.2 are 

provided in Table 3.2. 

 

Figure 3.2. Group comparison between active- and sham-stimulated groups regarding the rate of 

dynamic connection variability changes due to ON-tES stimulation. Stimulation decreases 

connection variability within DMN in active-stimulated group, only during the stimulation. Stars 

on the horizontal bar indicate significance in one-sample t-test after Bonferroni correction for two 

trials (during- and post-stimulation). Stars next to the rectangle indicate significance in 

independent t-test between active- and sham-stimulated groups. Error bars represent standard error. 

(* Bonferroni-corrected p < .050, ** p < .010) 
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Table 3.2. Group differences in the change rate of dynamic connection variability in the DMN 

Group  During Post 

Active Mean -0.0354 0.0012 

 Standard error 0.0096 0.0153 

Sham Mean -0.0043 -0.0135 

 Standard error 0.0134 0.0151 

Note: Standard error was calculated using group standard deviation values divided by √15. 

 

3.2 Anterior and Posterior Subdivisions of Default Mode Network 

The previous section showed that the static connectivity and the dynamic connection 

variability of the DMN are influenced by the ON-tES stimulation effect, correcting for the baseline 

value. Based on these results, deeper investigations were performed by subdividing the DMN into 

the aDMN and pDMN, analyzing within and between each through the application of the same 

processes of analysis. For each case of static and dynamic connectivity, results are only presented 

as significant if they survived the Bonferroni multiple correction for all types of connectivity 

(within the aDMN, within pDMN, between aDMN and pDMN). 

3.2.1 Static functional connectivity. Using static connectivity measures, this study verified 

that the subdivisions of the DMN are under differential influences from ON-tES, and that the 

pDMN receives significant stimulation effects compared to the aDMN. One-sample t-test were 

applied on the change rate of static connectivity in during- and post-stimulation periods (Figure 

3.3). The connections accounted for those within the aDMN, pDMN and between the aDMN-

pDMN. The difference from the baseline was found significant only for active-stimulated group 

within pDMN (t(14) = 4.412, uncorrected p < .001, Cohen’s d = 1.139). The increase in 

connectivity significantly persisted in the post-stimulation condition as well (t(14) = 2.797, 
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uncorrected p = .007, Cohen’s d = .722). Statistical significance was confirmed with the 

uncorrected p-values lower than .008 (Bonferroni correction for six trials). 

Further comparison using two-sample t-test denoted that active-stimulated groups increased 

within-pDMN connectivity significantly during ON-tES stimulation compared to sham (t(28) = 

3.695, uncorrected p < .001, Hedges’s g = 1.349), as well as after the stimulation (t(28) = 2.202, 

uncorrected p = .018, Hedges’s g = .804). Statistical significance was confirmed with the 

uncorrected p-values lower than .025 (Bonferroni correction for two trials). The main effect of 

ON-tES is distinct in the pDMN during the stimulation, and its effect appears to remain above the 

baseline after the stimulation ceased. The actual values used for plotting Figure 3.3 are provided 

in Table 3.3. 

3.2.2 Dynamic functional connectivity. In the case of connection variability, this study 

found that dynamic connectivity within the aDMN is particularly influenced by ON-tES, unlike 

the results from static connectivity. The same one-sample t-test analyzed if the change of 

connection variability was significant in during- and post-stimulation periods (Figure 3.4). The 

effect was significant for the within-aDMN connection variability (t(14) = -3.378, uncorrected p 

= .002, Cohen’s d = -.871), indicating that the stimulation decreases the dynamic connection 

variability distinctively within the aDMN from the baseline, but only during the stimulation. 

Statistical significance was confirmed with the uncorrected p-values lower than .008 (Bonferroni 

correction for six trials). 
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Figure 3.3. Group comparison between active- and sham-stimulated groups regarding the rate of static connectivity changes due 

to ON-tES stimulation regarding subdivisions of DMN. Stimulation increases connectivity within pDMN in active-stimulated 

group during and after the stimulation. Stars on the horizontal bar indicate significance in one-sample t-test after Bonferroni 

correction for two trials (during- and post-stimulation). Stars next to the rectangle indicate significance in independent t-test 

between active- and sham-stimulated groups. Error bars represent standard error. (* Bonferroni-corrected p < .050, ** p < .010) 
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Table 3.3. Group differences in change rate of static functional connectivity of subdivisions in 

the DMN 

Within Anterior DMN During Post 

Active Mean 0.2151 0.0700 

 Standard error 0.0826 0.0867 

Sham Mean -0.0244 -0.0177 

 Standard error 0.0622 0.0756 

Within Posterior DMN During Post 

Active Mean 0.1573 0.1570 

 Standard error 0.0357 0.0561 

Sham Mean -0.0480 -0.0134 

 Standard error 0.0426 0.0532 

Between Anterior and Posterior DMN During Post 

Active Mean 0.1743 0.1795 

 Standard error 0.1049 0.1048 

Sham Mean -0.0353 -0.0293 

 Standard error 0.0941 0.1381 

Note: Standard error was calculated using group standard deviation values divided by √15. 

 

The two-sample t-test verified that connection variability decreases during stimulation in the 

active- compared to sham-stimulated group (t(28) = -2.105, p = .022, Hedges’s g = .768). Together 

with the previous section, this result demonstrates that the ON-tES stimulation exerts its effect on 

different subcomponents of the DMN, depending on whether the connectivity measure of interest 

is static or dynamic. While the stimulation effect increases the weight of static connectivity 

within the pDMN, it drives the dynamic connection variability within the aDMN to decrease for 

during-stimulation condition. The actual values plotted on Figure 3.4 are in Table 3.4.  
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Figure 3.4. Group comparison between active- and sham-stimulated groups regarding the rate of dynamic connection variability 

changes due to ON-tES stimulation regarding subdivisions of DMN. Stimulation decreases connection variability within aDMN 

in active-stimulated group, only during the stimulation. Stars on the horizontal bar indicate significance in one-sample t-test after 

Bonferroni correction for two trials (during- and post-stimulation). Stars next to the rectangle indicate significance in independent 

t-test between active- and sham-stimulated groups. Error bars represent standard error. (* Bonferroni-corrected p < .050, ** p 

< .010)
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Table 3.4. Group differences in change rate of dynamic connection variability of subdivisions in 

the DMN 

Within Anterior DMN During Post 

Active Mean -0.0343 0.0122 

 Standard error 0.0102 0.0179 

Sham Mean 0.0015 -0.0101 

 Standard error 0.0137 0.0152 

Within Posterior DMN During Post 

Active Mean 0.0009 -0.0235 

 Standard error 0.0232 0.0281 

Sham Mean -0.0533 -0.0120 

 Standard error 0.0291 0.0256 

Between Anterior and Posterior DMN During Post 

Active Mean -0.0283 -0.0166 

 Standard error 0.0108 0.0162 

Sham Mean -0.0112 -0.0121 

 Standard error 0.0162 0.0181 

Note: Standard error was calculated using group standard deviation values divided by √15. 

 

3.3 Interdependence between Static and Dynamic Connectivity 

This study dealt with both static and dynamic functional connectivity measures, and the 

relationship between the two is important for the interpretation of each. Considering within-DMN 

connectivity only, the analysis of static functional connectivity weight and dynamic connection 

variability clarified that the two correlate in the negative direction. Figure 3.5 shows correlation 

coefficients from the data points of the total population (n = 30) that are coded by separate groups. 

Coefficients from each group (n = 15) are provided in Table 3.5. 
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Their dependence was significant only in pre- and during-stimulation periods after 

Bonferroni multiple correction (uncorrected p < .017). To verify if the degree of this relationship 

is affected by the stimulation, this study further compared the correlation coefficients from the 

active- and sham-stimulated groups at each condition, as represented in the third row of Table 7. 

According to the results, group (active vs. sham) effect was not significant in any of the within-

subject conditions. This demonstrates that the negative correlation is not under distinct influence 

from ON-tES. 

 

 

Figure 3.5. Validation of interdependence between static connectivity weight and connection 

variability for within-DMN. (** Bonferroni-corrected p < .010) 

 

Table 3.5. Group differences in correlation coefficients between static connectivity weights and 

dynamic connection variability for the case of DMN. Group effect represents the result of 

comparison between two correlation coefficients in Z values (two-tailed). 

Group Pre During Post 

Active -0.432 -0.400 -0.498 

Sham -0.720 ** -0.588 -0.333 

Group Effect (Difference in Z) 1.09 0.61 -0.49 

Note: ** Bonferroni-corrected p < .010 
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This study expanded the analysis into the subdivisions of the DMN, as shown in Figure 3.6. 

Figure 3.5 shows that only the correlation coefficients from the total population (n = 30) are shown. 

Coefficients from each group (n = 15) are provided in Table 8, along with the third row 

representing the group effect for each condition in p-values. Again, static connectivity and 

connection variability were negatively correlated in pre- and during-stimulation periods after the 

Bonferroni multiple correction (uncorrected p < .006 for nine trials), but it was only significant 

within-aDMN and between aDMN-pDMN connectivity. The anti-correlation was not found in 

within-pDMN connectivity, even for the separate cases per group (Table 3.6). In relation to the 

previous section, this finding partially explains why the main effect of stimulation was significant 

upon two different subdivisions of the DMN across static and dynamic frames of analyses. 

 

3.4 Side Effects 

The side effects or abnormal sensations subjects felt during stimulation were collected and 

assessed. The experimenters asked subjects for experiences of itching, headache, neck pain, scalp 

pain, burning sensation, warmth/heat, pinching sensation, metallic/iron taste and fatigue. The 

proportion of people reported specific side effects is compared between groups using chi-square 

test. None of the subjects reported serious side effects or harmful sensations, and none of them 

were reported more frequently in one of the groups (Table 3.7). 
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Figure 3.6. Validation of interdependence between static connectivity weight and connection 

variability for (A) within-aDMN; (B) within-pDMN; and (C) between aDMN-pDMN. (* 

Bonferroni-corrected p < .050, ** p < .010, *** p < .001) 
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Table 3.6. Group differences in correlation coefficients between static connectivity weights and 

dynamic connection variability for each case of the DMN subdivisions. Group effect represents 

the result of comparison between two correlation coefficients in Z values (two-tailed). 

Within Anterior DMN Pre During Post 

Active  -0.432 -0.489 -0.451 

Sham  -0.652 -0.455 -0.304 

Group Effect (Difference in Z)  0.78 -0.11 -0.42 

Within Posterior DMN Pre During Post 

Active  -0.144 -0.378 -0.290 

Sham  -0.283 0.149 0.016 

Group Effect (Difference in Z)  0.36 -1.34 -0.77 

Between Anterior and Posterior DMN Pre During Post 

Active  -0.706 * -0.790 ** -0.626 

Sham  -0.689 * -0.707 * -0.369 

Group Effect (Difference in Z)  -0.08 -0.47 -0.85 

 Note: * Bonferroni-corrected p < .050, ** p < .010 

Table 3.7. List of side effects from active- and sham-stimulated groups and the differences in 

their proportions of reports on existing sensations. 

Sensation Active Sham Chi-square 

Itching 1.33 ± 0.18 (60.00 %) 1.71 ± 0.29 (46.67 %) .487 

Headache 1.50 ± 0.18 (13.33 %) 1.67 ± 0.27 (40.00 %) .137 

Neck pain 1.00 ± 0.00 (6.67 %) 1.00 ± 0.00 (13.33 %) .543 

Scalp pain 1.00 ± 0.00 (20.00 %) 1.83 ± 0.30 (40.00 %) .330 

Burning 1.00 ± 0.00 (6.67 %) 2.33 ± 0.15 (20.00 %) .245 

Warmth/heat 1.60 ± 0.23 (33.33 %) 1.83 ± 0.25 (40.00 %) .943 

Pinching 1.25 ± 0.13 (26.67 %) 1.40 ± 0.23 (33.33 %) .534 

Metallic/iron taste 2.00 ± 0.00 (6.67 %) N/A (0.00 %) .309 

Fatigue 1.50 ± 0.18 (13.33 %) 1.80 ± 0.34 (33.33 %) .495 

Note: Values are shown as mean ± standard error (percentage of people had non-zero values). 

Chi-square test results are in two-sided p-values.  
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CHAPTER 4 

DISCUSSION 

This study is the first to identify the specific alterations in the brain’s functional connectivity 

due to ON-tES. Since the population used in this study was free of pathological allostatic load and 

not given any cognitively demanding tasks, the observations during stimulation are probably 

indicative of the common mechanism of ON-tES. The present results indicate that ON-tES is 

capable of altering the DMN, a core functional network (M. D. Greicius, Krasnow, Reiss, & 

Menon, 2003). This implies that it can modulate the reference state of the brain. The course of 

changes in static and dynamic connectivity provide complementary information on the effects of 

ON-tES on the DMN. According to a further analysis on the subdivisions of the DMN, only the 

static connectivity within the pDMN increased significantly during and after stimulation. On the 

other hand, dynamic connection variability decreased only within the aDMN during stimulation, 

showing that each subdivision reacts differently to ON-tES. This also suggests that the change in 

the pDMN will contribute more to the long-term effect of ON-tES, while that in the aDMN is more 

relevant to the instantaneous effect of ON-tES. 

This chapter provides further discussion and supporting information for present results in the 

following subsections. Section 4.1 includes background information on the pathway of ON-tES 

reaching and affecting the central nervous system, as well as evidence from other applications of 

ON-tES. Section 4.2 discusses the main result on changes in the DMN in relation to the concept 

of allostasis. Section 4.3 covers various interpretations of the deeper analyses of aDMN and pDMN. 

Section 4.4 discusses the potentiality of applying ON-tES on the pathological populations. Finally, 
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Section 4.5 recapitulates the significance of this study and further offers suggestions for future 

research. 

 

4.1 Background Information 

This section details the physiological background on how ON-tES is able to reach the central 

nervous system. Stimulating the ON seems to affect the brain indirectly via the autonomic nervous 

system. The ON has a dense connection to the nucleus tractus solitarius (Loewy & Burton, 1978; 

Menetrey & Basbaum, 1987), a region in the brainstem where autonomic inputs and outputs 

converge (Novak, 2007). When the nucleus tractus solitarius receives the stimulation-invoked 

signal, it signals to the dorsal motor nucleus in the vagus nerve to generate autonomic activity 

changes (Browning & Travagli, 2003; C. Chen & Rogers, 1997; Cheng et al., 1999; Davis et al., 

2004; Grabauskas & Moises, 2003). This forms the physiological link between the ON and the 

autonomic nervous system. 

Empirical evidence indicates that stimulating ON can directly affect the autonomic nervous 

system. Sobocki et al. (2013) showed that the invasive ON stimulation is capable of modulating 

excessive obesity by enhancing the activity in the autonomic nervous system. Meanwhile, another 

study showed that using non-invasive ON stimulation on healthy individuals decreased the activity 

of the sympathetic nervous system as seen in changes of physiological signs (Tyler et al., 2015). 

Specifically, the authors demonstrated that the salivary alpha-amylase level, which is a reliable 

biomarker for sympathetic activity (Rohleder, Nater, Wolf, Ehlert, & Kirschbaum, 2004), 

decreased after stimulation. These independent lines of research both show that ON stimulation 

can modulate the autonomic system. It should be noted, however, that the obese individuals from 
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Sobocki et al. (2013) are not identical to the control population used in Tyler et al. (2015), and 

may already have shifted internal states regarding their reference body weight or metabolism (De 

Ridder, Manning, Leong, Ross, & Vanneste, 2016). Based on this evidence, it is inferred that ON-

tES normalizes the autonomic functions that have deviated from the desired reference point. The 

effect of ON-tES may be bidirectional and aid in restoring balance between two antagonistic 

alterations of the brain function, such as sympathetic and parasympathetic activity levels. 

This putative bidirectionality of ON-tES may also apply to its effect on the central nervous 

system. A recent study on ON-tES and neuropathic pain showed that ON-tES affects the central 

nervous system via the pain pathway (De Ridder & Vanneste, 2016). They analyzed fibromyalgia 

patients, who suffer from severe musculoskeletal pain without clear origins, and investigated 

changes in the anterior cingulate cortex. The study reported that not only did ON-tES significantly 

alleviate pain but it also induced functional connectivity changes in the anterior cingulate cortex, 

which enhanced descending pain inhibition and reduced the salience of pain signals. This effect is 

equivalent to restoring the balance within the pain-processing pathway that is disrupted in 

fibromyalgia (Napadow & Harris, 2014). It also demonstrates that the normalization effect of ON-

tES works through restoring balance in the autonomic system. In addition, the effect of ON-tES 

appears to manifest specifically in anterior cingulate cortex, a locus for integrating information 

from the autonomic and central nervous systems (Critchley, 2005; Critchley et al., 2003; S. W. 

Wong et al., 2007). De Ridder and Vanneste (2016) thus provide a basis for a further discussion 

on the working mechanism of ON-tES that is commonly applicable for both the autonomic and 

central nervous systems. 
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Previous findings established the functional connection of the ON to autonomic centers and 

ultimately the central nervous system. Furthermore, the literature empirically supports the 

hypothesis that ON-tES can manipulate both of these systems through a common method. The 

present results will extend the influence of ON-tES to connectivity-level shifts in the brain, and 

further relate those changes to behavioral effects of ON stimulation that benefited patients with 

different pathologies (Plazier et al., 2014; Vanneste, Plazier, Van de Heyning, & De Ridder, 2010). 

 

4.2 Interpretation of Results 

This section analyzes the present findings regarding changes in the functional connectivity 

of the brain within the DMN. According to previous studies, ON-tES appears to modulate the 

system to meet the desired state under the given situation. To explain this phenomenon, the concept 

of allostasis is adopted (P. E. Sterling, Joseph, 1988). Allostasis explains how the internal state is 

modulated by higher-level prediction. An individual’s system monitors the external environment 

and adjusts the internal state. The concept of allostasis further suggests that the central nervous 

system actively modulates the internal reference point based on the previous experiences or 

cognitive appraisals on the current environment (P. Sterling, 2004, 2012). The DMN appears to 

play an important role in the process of allostasis (Kleckner et al., 2017), thus this section aims to 

interpret the present results regarding this functional link. 

The present results show an increase of static connectivity within the DMN during 

stimulation. The DMN controls a wide spectrum of functions oriented to internal information 

processing, specifically in relation to maintaining the internal reference state of the brain in 

response to external changes (Raichle, 2015). To expound, the DMN monitors the current state, 
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gathers internal information (i.e., memory), and generates an active representation or model of the 

self and the world (Buckner, 2012; Hassabis & Maguire, 2009; Mesulam, 2012). Information 

refined by the DMN represents the result of active prediction on the internal reference point, which 

is the domain-general reference that one’s system tries to achieve via allostasis (Kleckner et al., 

2017; P. Sterling, 2012). Furthermore, Babo-Rebelo, Richter, et al. (2016) showed that the DMN 

monitors one’s autonomic responses in relation to ongoing self-referential thoughts, highlighting 

that the autonomic and central nervous systems congregate at the DMN. Thus, by increasing the 

functional connectivity in the DMN, ON-tES may be able to enhance its functions related to 

determining and updating the reference state. This can be interpreted as ON-tES providing 

beneficial momentum for the system to modulate pathologies that are caused by disrupted 

reference states, such as chronic pain, tinnitus, and obesity. 

In comparison to static functional connectivity, the decrease in dynamic connection 

variability in the DMN indicates that the level of connectivity is stable across time. Zhang et al. 

(2016) noted that dynamic connectivity variability accounts for functional flexibility, which is 

higher when the connectivity is participating more between separate functional clusters. Deco and 

Kringelbach (2016) provide another perspective; they explained that the more synchronized (or 

less variable) connectivity is the result of meeting the stable equilibrium of the functional state. 

Reaching this equilibrium results in a stable and hence efficient system, but it limits the dynamicity 

of communications within a given time window. A natural system is a temporal mixture of two 

states that are dynamic and stable (Shanahan, 2010; Tsuda, Fujii, Tadokoro, Yasuoka, & Yamaguti, 

2004), and the stable state seems to come into play when under a focused demand that requires 

consistent activity of the involved network (Leech & Sharp, 2014). In the case of this study, the 
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decrease in the variability is likely to indicate that the DMN is in a consistently functioning state 

and interlocked within its regions. Therefore, during active stimulation, a subject is likely to be in 

a deeper internalized state driven by the DMN (Andrews‐Hanna, Smallwood, & Spreng, 2014; K. 

C. Fox, Spreng, Ellamil, Andrews-Hanna, & Christoff, 2015). Because the effect of ON-tES on 

connectivity appears to be temporally constant, it can open up a window for the more concentrated 

effect on the DMN when stimulation is ongoing. 

The effect of ON-tES on static and dynamic connectivity was present only during stimulation. 

One explanation for this is that because the effect of ON-tES on the central nervous system is 

indirect, the cessation of ON-tES can immediately block the information the ON carries and thus 

cause the changes in the brain to halt. A study with invasive ON stimulation showed that changes 

in blood flow relevant to the behavioral effect appeared only while stimulation was active (Matharu 

et al., 2004). It is also known that the blood flow near the stimulation target stays constant 

throughout the during-stimulation period, and shows a steep decrease after stimulation (Stagg et 

al., 2013). This indicates that ON stimulation effects can also disappear without lingering changes 

in perfusion. 

Anterior and posterior parts of the DMN, especially in the cingulate cortex, are not only 

functionally segregated (Uddin et al., 2009), but also involved in the autonomic nervous system to 

different degrees (Babo-Rebelo, Richter, et al., 2016). The anterior cingulate cortex in the DMN 

is directly related to autonomic changes (Critchley, 2005; Critchley et al., 2003; S. W. Wong et al., 

2007) while the posterior cingulate cortex is more involved in parasympathetic activity (Beissner 

et al., 2013). Correlations of activity levels in the anterior and posterior cingulate cortices with 

autonomic responses carry separate functional implications in processing of internal information 
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(Babo-Rebelo, Richter, et al., 2016). It is possible that the effects in during- and post-stimulation 

periods can differ because of the DMN subdivisions. The next section thus explores the differences 

between the anterior and posterior parts of the DMN. 

 

4.3 Differential Effects of ON-tES on Subdivisions of DMN 

In this section, the aim is to analyze and interpret the differential effects of ON-tES across 

the anterior and posterior subdivisions of the DMN. The functional hub of the aDMN is the 

ventromedial prefrontal cortex also referred to as pregenual anterior cingulate cortex, and its 

function is involved in examining and evaluating self-relevant information (Babo-Rebelo, Richter, 

et al., 2016; Ersner-Hershfield et al., 2008; Gusnard, Akbudak, Shulman, & Raichle, 2001; 

Schmitz & Johnson, 2007). The center of the pDMN is the precuneus and the posterior cingulate 

cortex, and is more involved in self-perception (Babo-Rebelo, Richter, et al., 2016; Fransson & 

Marrelec, 2008) and episodic memory retrieval (Sestieri et al., 2011; Wagner, Shannon, Kahn, & 

Buckner, 2005). Note that the anterior cingulate cortex receives autonomic (Terreberry & Neafsey, 

1983) and pain information directly (Treede, Kenshalo, Gracely, & Jones, 1999), and increases its 

activity to adjust the internal state in response to external disruptions (Teves, Videen, Cryer, & 

Powers, 2004). The posterior cingulate cortex monitors all modalities of internal information 

(Whitfield-Gabrieli & Ford, 2012), signals changes in the external world, and signals the need to 

update the internal model (Pearson, Heilbronner, Barack, Hayden, & Platt, 2011). In other words, 

the aDMN is likely calculating allostatic load, whereas the pDMN is constructing and updating 

the dynamic reference point(s) for allostasis. 
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In this study, only the static functional connectivity of the pDMN increased during ON-tES, 

and this shift persisted after stimulation. Firstly, this indicates that the previously reported 

connectivity increase in the DMN is mainly driven by the pDMN. Secondly, the changes in this 

subdivision may elongate the effect of ON-tES. ON-tES may enhance the function of the pDMN, 

i.e., the network central for the existence of an internal reference point in the human the brain. The 

persistent effect of ON-tES upon the pDMN may further indicate that repeated sessions of ON-

tES might alleviate symptoms of chronic disorders. 

Based on previous notions regarding allostasis and current findings on the pDMN, ON-tES 

appears to aid in modifying the current reference state to the desired point. Under the concept of 

allostasis, pathological conditions can emerge due to a large allostatic load that remains unresolved 

(McEwen, 2004; McEwen & Gianaros, 2011). This can affect the brain in two ways. One 

possibility is that the brain can be damaged by the large allostatic load and suffer from 

consequential cognitive impairments (Arnsten, 2009, 2015; Cerqueira, Mailliet, Almeida, Jay, & 

Sousa, 2007). Alternatively, the brain may induce maladaptive plastic changes on the reference 

point it has to maintain as an attempt to minimize the heavier load (Barrett, Quigley, & Hamilton, 

2016; Borsook et al., 2012; Costigan, Scholz, & Woolf, 2009; McEwen & Gianaros, 2011; Mohan, 

Alexandra, Johnson, De Ridder, & Vanneste, 2018). Chronic disorders such as fibromyalgia 

(Martinez-Lavin & Vargas, 2009), migraines (Borsook et al., 2012), post-traumatic stress disorder 

(Friedman & McEwen, 2004), tinnitus (De Ridder, 2011), and obesity (De Ridder et al., 2016) 

seem to last because of this unwanted but unavoidable shift in the reference state that subjects 

perceive to be normal. For the pathological population, ON stimulation may be able to help drive 
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the internal model to update itself and normalize to the desired state, as it was able to do for 

fibromyalgia patients (De Ridder & Vanneste, 2016). 

Findings from dynamic connection variability show that ON-tES is also able to affect the 

aDMN on-line, which is involved in appraising the allostatic load (Pearson et al., 2011). Figure 

4.1 represents theoretical differentiation of functions performed by the aDMN and pDMN for 

allostasis. Unlike static connectivity, dynamic connection variability of the pDMN did not change 

while that of the aDMN significantly decreased during stimulation and came back to the baseline 

afterward. This indicates both that the stimulation effects on the DMN are heterogeneous across 

subdivisions and stimulation time points and that the increase in static connectivity does not 

necessarily mean that the network is relatively stable in the case of the pDMN. On the other hand, 

the aDMN interacts with the contents of self-relevant information (Babo-Rebelo, Richter, et al., 

2016; Gusnard et al., 2001), and exerts central control over the varying autonomic responses 

(Critchley, Nagai, Gray, & Mathias, 2011; Nagai et al., 2004; Terreberry & Neafsey, 1983). ON 

stimulation appears to keep the connectivity within the aDMN consistent, indicating that the 

functions of the aDMN are perturbed less by variable communications across other streams of 

information, including autonomic inputs. This effect seems to be instantaneous only during 

stimulation, hence when stimulating the ON the role of secondary therapies coupled with ongoing 

stimulation may be necessary to yield the desired outcome. 
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Figure 4.1. Graphical representation of how subdivisions of DMN handle the allostatic load 

(aDMN, ∆y) and define internal reference point (pDMN, r) 

 

Investigations on subdivisions of the DMN specified the effect of ON-tES. The stimulation 

may result in a persistent functional enhancement in reappraising the internal model (pDMN), and 

an on-line stabilization of functions in evaluating the allostatic load based on this internal model 

(aDMN). This result may also partly reflect the static nature of pDMN functions, which are related 

to setting the reference point, and the dynamic nature of the aDMN associated with constantly 

varying changes against the reference point. This supports the bidirectional normalization effect 

of ON-tES on the internal system.  
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4.4 Clinical Utility 

This section analyzes the potential of applying ON-tES more effectively on clinical 

populations. The current findings imply that the ON stimulation helps modulating allostasis by 

resetting the internal reference point. Many of the previous studies on ON-tES focused on the 

alleviation of chronic pain (Matharu et al., 2004; Miller, Watkins, & Matharu, 2016; Plazier et al., 

2014; Plazier, Ost, Stassijns, De Ridder, & Vanneste, 2015; Plazier, Tchen, et al., 2015; Rodrigo, 

Acín, & Bermejo, 2017; Saper et al., 2011), but its effect on allostasis may further be extended to 

other pathologies. The focus here is on three specific examples: schizophrenia, depressive disorder, 

and Alzheimer’s disease. 

4.4.1 Schizophrenia. Schizophrenia is one of the most complex psychiatric disorders that 

has a number of abnormal behaviors and cognitive/emotional deficits (Liddle, 1987). The wide 

spectrum of symptoms and diverse neural correlates of schizophrenia make it extremely difficult 

to treat, and thus an attractive target for novel methods. A simple interpretation of schizophrenia 

adopted the concept of allostatic load, noting that the accumulated allostatic load from the 

beginning of the pathological course can lead to the onset and worsening of schizophrenia (Misiak, 

Frydecka, Zawadzki, Krefft, & Kiejna, 2014; Nugent, Chiappelli, Rowland, & Hong, 2015). 

Regarding the DMN, schizophrenia patients seem to fail in deactivating the DMN in response to 

cognitive demands (Meyer-Lindenberg et al., 2005; Pomarol-Clotet et al., 2008). Relative to 

healthy subjects, schizophrenia patients have increased activity in aDMN and lower activity in 

pDMN (Garrity et al., 2007). This change may be related to the patients’ maladaptation to the 

constantly high allostatic load, and the resultant disruption in the functions of updating and 

maintaining the reference state. ON-tES may be able to target this imbalance in the activity of the 
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DMN, but it is not possible to use ON stimulation to lower the allostatic load per se. One possible 

solution may be to augment cognitive-behavioral therapies and/or medications with ON 

stimulation to aid in reducing the allostatic load itself. 

4.4.2 Depressive disorder. Depressive disorder describes a spectrum of unipolar emotional 

disorders characterized by a low mood (Belmaker & Agam, 2008). Depressed patients are in a 

disabling emotional state that is difficult to escape, because their excessive self-referential thoughts 

steal the priority in the cognitive process the patients are faced to perform (Joormann, 2010; 

Joormann, Levens, & Gotlib, 2011; Juster et al., 2010; Sheline et al., 2009). Compared to healthy 

controls, depressed individuals show more activation in the DMN (Cooney, Joormann, Eugène, 

Dennis, & Gotlib, 2010). It may seem counterintuitive to apply ON stimulation on depressed 

patients given that they already experience over-activation of the DMN, which is the end effect of 

ON-tES. However, in this case the goal of ON-tES is normalizing the emotional processing that is 

highly correlated to the autonomic system (Kreibig, 2010). It is known that ON stimulation can 

reduce the sympathetic stress response (Tyler et al., 2015). By restoring the balance of the 

autonomic system, ON stimulation may alleviate at least the allostatic load imposed by excessive 

sympathetic activity and reduce the negative effect interdependent on abnormal autonomic 

activities. Empirical evidence further supports this possibility by showing that pain-related 

depression can be reduced by ON-tES (Thimineur & De Ridder, 2007; Yoo et al., 2017). 

4.4.3 Alzheimer’s disease. Alzheimer’s disease is a neurodegenerative disorder that has a 

range of cognitive deficits, most notably memory impairments, which manifest along with 

biomarkers and neurological impairments (A. Burns & Iliffe, 2009; Jack et al., 2016). The DMN 

is the most disrupted functional network in Alzheimer’s (M. D. Greicius, Srivastava, Reiss, & 



 

55 

Menon, 2004; Sheline et al., 2010) even prior to the onset of the disorder, i.e., in amnestic mild 

cognitive impairment (Bai et al., 2008; Qi et al., 2010). The pathology also has specific effects on 

subdivisions of the DMN, showing that connectivity within the pDMN is decreased in patients 

compared to the healthy controls (Jones et al., 2011). Applying ON stimulation may have a two-

fold effect on Alzheimer’s disease. Firstly, the loss of integrity in the DMN, especially in the 

posterior part, may be ameliorated by ON stimulation. It is previously known that the DMN is 

involved in episodic and self-referential memories and their retrieval (Andrews-Hanna, 2012; 

Buckner et al., 2008; Kim, 2012; Spreng, Mar, & Kim, 2009), functions that are characteristically 

impaired in Alzheimer’s disease (Bäckman, Small, & Fratiglioni, 2001; Genon et al., 2014). In 

sum, ON stimulation’s effect on the DMN may benefit behavioral aspects of Alzheimer’s disease. 

These are only some of the possible clinical applications where ON stimulation can be useful. 

As in schizophrenia, when the activity of the DMN is imbalanced across its subdivisions, ON 

stimulation can be used to retrieve the balance in processing information of the internal state. For 

the example of depression, ON-tES can alleviate the allostatic load by affecting the autonomic 

nervous system. Finally, memory problems in Alzheimer’s disease might be modulated, or even 

prevented, if the stimulation is applied in the earlier or precursor stages. These examples 

demonstrate that different aspects of ON stimulation effects can be utilized for clinical purposes. 

The generality of the ON-tES efficacy expands its utility to a wide spectrum of pathological 

conditions. 
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4.5 Implications and Suggestions 

The investigations on how ON-tES alters functional connectivity of the DMN identified that 

the functions of the DMN are enhanced and stabilized (synchronized), as the increase of functional 

connectivity and the decrease of connection variability indicate. In the analysis of subdivisions in 

the DMN, ON stimulation increased the static connectivity within the pDMN during stimulation, 

and the effect persisted after the cessation. On the other hand, dynamic connection variability 

showed significant decrease during stimulation within the aDMN. Thus, the effect of ON 

stimulation appears to be heterogeneous across subdivisions of the DMN, and the pDMN seems 

to contribute more to the long-term effect of ON-tES. 

The interdependence between static and dynamic connectivity measures was further 

analyzed to verify if their results were correlated to each other. The results showed that the two 

are not necessarily dependent on each other, and that anti-correlation may not be applicable for the 

general spectrum of functional networks. Specifically, the correlation was not significant for 

connectivity within the pDMN. Power et al. (2011) showed that the DMN is a highly interlocked 

network that is densely connected within itself, while being isolated from the others. Within the 

DMN, the function of the pDMN is directed internally and constantly active during the resting 

state (Buckner, 2012; Hassabis & Maguire, 2009; Mesulam, 2012). Findings from the present 

study support that the connectivity within the pDMN is stationary and independent of time or 

instantaneous changes in state. It was also found that there was no significant negative correlation 

between static connectivity weights and dynamic connection variability in any of the networks 

tested at post-stimulation. There were no active stimulation effects on the correlation coefficients 

in the post-stimulation period. This indicates that a longer scanning time, and possibly constant 
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changes in the perfusion due to the fixated posture can be a factor that affects underlying non-

linear behaviors of the brain. Further studies regarding this effect are required. 

Two interpretations regarding ON stimulation and its effect on allostasis can be made based 

on the present results. Firstly, it is able to increase functional connectivity within the DMN and 

stabilize its variability, possibly helping to alleviate perturbations caused by heavy allostatic load 

and normalizing the maladapted reference model. Regarding analyses on subdivisions of the DMN, 

ON-tES seems to aid updating the internal model via increasing connectivity within the pDMN. It 

may also help evaluating allostatic load more consistently, by reducing variability within the 

aDMN. Altogether, these changes can help the subject modify their internal reference to retrieve 

the correct balance that is lost under pathological circumstances. Since the stimulation effects were 

prominent during the session, they can be amplified by coupling cognitive-behavioral therapies 

on-line. Note that findings in this study do not indicate that the allostatic load itself can be reduced 

because it only included healthy subjects whose stimulation-induced behavioral changes are not 

significantly manifested (Horvath, Forte, & Carter, 2015; Plazier, Joos, Vanneste, Ost, & De 

Ridder, 2012). 

Another interpretation is that current findings point towards that indirect stimulation on the 

autonomic center may be an important pathway to how transcranial/transcutaneous stimulation 

affects the central nervous system. The underlying mechanism of this technique was only studied 

in the context of the direct effect upon neuronal population, and the neuroplastic effect induced by 

electrical signals (Nitsche & Paulus, 2000; Priori, Berardelli, Rona, Accornero, & Manfredi, 1998). 

Since Vanneste et al. (2011) provided evidence that transcutaneous electrical input can also affect 

the common mechanistic pathway, which eventually reaches the central nervous system via the 
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projection to the brainstem, the present study supports that stimulating the ON can induce changes 

in a large-scale core network, i.e., the DMN, in both static and dynamic functional connectivity 

measures. Stimulating the ON may reach the nucleus tractus solitarius (Menetrey & Basbaum, 

1987) and then the autonomic nervous system (Schwaber, Kapp, Higgins, & Rapp, 1982; 

Terreberry & Neafsey, 1983) to consequently affect the brain. Previous empirical evidence on the 

effect of ON stimulation thus links to the domain-generality of the autonomic nervous system. 

The stimulation effect on the DMN seems to be common across neuromodulation studies. 

Despite the fact that the montages of stimulation were different, many previous studies acquired 

functional images during or after stimulation which showed that the DMN is affected in healthy 

individuals (Amadi, Ilie, Johansen-Berg, & Stagg, 2014; Keeser et al., 2011; Peña-Gómez et al., 

2012; Stagg et al., 2013). This implies that the main effects of ON-tES shares the underlying 

functional connectivity changes that are also induced in other stimulation montages. In sum, this 

study provides a possibility that the nature of the transcranial/transcutaneous stimulation effect 

commonly involves an indirect influence via peripheral nerves. 

Applying ON-tES appears to have a different effect on the brain than traditional tDCS that 

targets a brain region. TDCS has been found useful in a number of clinical populations, i.e., chronic 

pain (Fregni, Gimenes, et al., 2006; Valle et al., 2009), major depressive disorders, (Brunoni et al., 

2016), Parkinson’s disease (Fregni, Boggio, et al., 2006), and Alzheimer’s disease (Boggio et al., 

2012; Ferrucci et al., 2008); see also (Lefaucheur et al., 2017). The effect of tDCS on the brain has 

been associated with the changes in local perfusion level (Stagg et al., 2013) and the concentration 

of neurotransmitters (Stagg et al., 2009; Stagg & Nitsche, 2011). A seminal study showed that the 

efficacy of tDCS on subregions of the brain is closely dependent on the underlying functional 
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connectivity between the stimulation target and the pathologically affected subcortical regions 

(Michael D. Fox et al., 2014). This suggests that tDCS has a specific effect relevant to the 

stimulation site, thus the selection of said site becomes more important. On the other hand, the 

effect of ON-tES is indirectly projecting to the DMN, which can result in a general spectrum of 

outcomes related to the DMN and allostasis. In other words, ON stimulation creates a more diffuse 

and larger-scale effect than tDCS, which has a relatively focused effect. A previous study 

sequentially coupled tDCS targeting prefrontal cortex and ON stimulation, but the results showed 

that they do not create a synergistic effect in terms of behavioral outcomes in fibromyalgia (long-

term depression and subjective pain) (Yoo et al., 2017). Therefore, the effect of tDCS and ON may 

have a complex interdependence that is yet to be discovered. Further studies on this matter are 

required. 

Until now, studies on neuromodulation have focused on trying different montages and 

targets to optimize therapeutic effect. Nevertheless, the accumulated evidence indicates that the 

outcomes of neuromodulation have to be integrated and explained in a way that is more relevant 

to the fundamental mechanisms of how the brain works. The present results were able to link the 

effect of ON stimulation with the concept of allostasis, a universal mechanism for the brain and 

behaviors (P. Sterling, 2012). Based on the current findings, further studies should identify three 

important points: 1) how specifically ON-tES alters the autonomic system, 2) if additional 

therapies or training sessions coupled with stimulation could be more effective than either alone, 

and 3) whether and how functional networks will be different in pathological populations versus 

healthy individuals. Additionally, it will be interesting to test if ON stimulation can prevent the 

external stressors from causing chronic maladaptive disorders.  
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CHAPTER 5 

CONCLUSION 

In order to assess the changes in the brain induced by ON-tES, functional connectivity of 

healthy individuals was evaluated at pre-, during-, and post-stimulation periods using resting state 

fMRI. The research focus was primarily on the connectivity within default mode network. 

Additional attention was paid to subdivide the default mode network into two functionally distinct 

clusters. Notably, this study encompasses both static and dynamic aspects of functional 

connectivity using two representative measures: functional connectivity weight for static and 

connection variability over time for dynamic connectivity. The simultaneous use of static and 

dynamic connectivity for investigating the brain changes due to ON stimulation was yet to be 

attempted.  

The present results demonstrated that transcutaneous ON stimulation significantly affected 

the DMN, a core network in the central nervous system. The changes that appeared within the 

default mode network were distinct in both static and dynamic connectivity analyses, especially 

during stimulation. This suggested that stimulating ON could modify the default mode network 

via the autonomic nervous system. According to the results, static connectivity increased within 

the default mode network during stimulation, implying that its functions were more active in that 

period. Dynamic connection variability of the default mode network decreased during stimulation, 

implying that it was more stable and the flexibility decreased as a trade-off. This indicates that ON 

stimulation can enhance the intrinsic functions of the default mode network. Owing to the concept 

of allostasis, this further supports that the mechanism underlying the efficacy of ON-tES for 

chronic pain is likely to be through the aid of subjects correctly assessing their allostatic load and 
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reappraising the reference point. Consequently, it is inferred that stimulating the ON can benefit 

diverse pathological populations by normalizing the maladapted internal state. 

ON stimulation seems to enhance the functions for determining the reference state and 

stabilize the same functions by evaluating the allostatic load given the internal reference point. It 

is further inferred that ON-tES helps allostasis via two distinct features of the posterior and anterior 

default mode subnetworks. This differentiation was possible owing to the deeper analysis of 

subdivisions of the default mode network, again with both static and dynamic functional 

connectivity analyses. The static connectivity increased in the posterior default mode subnetwork, 

which is implicated in constructing the internal reference of the brain, during and after stimulation. 

On the other hand, connection variability decreased only in the anterior default mode network 

during stimulation, which is associated with evaluating information relevant to internal state. 

Together, this indicated that ON stimulation could enhance the activity of the posterior default 

mode subnetwork even after stimulation, possibly long-term, and stabilize the functions anterior 

default mode subnetwork during stimulation. Therefore, these two subdivisions of the default 

mode network seem to have differential contributions to the main effect of ON stimulation. In 

addition, this further implies that the long-term effect of ON stimulation is more dependent on the 

posterior default mode subnetwork, while anterior default mode subnetwork contributes to its 

instantaneous effect. 

The present findings may be extended to interpret a common pathway for how other 

transcutaneous stimulation methods can affect the central nervous system. It was shown that 

stimulating the ON could reach the default mode network, a part of the central nervous system that 

regulates and monitors the autonomic system. It is noteworthy that other electrical stimulations 
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applied to the central nervous system eventually have projections through the upper cervical nerve 

and that many studies on those montages reported changes in the default mode network. Therefore, 

tracing the effect of the transcranial/transcutaneous stimulation through the indirect pathway via 

the autonomic system may be generally more applicable. Understanding the effect of 

neuromodulation as a restoration of internal balance provides an integrative perspective that 

includes various stimulation methods for targeting pathological conditions.  
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APPENDIX A 

ELIGIBILITY INTERVIEW FORM 

Screener__________________   Date___________________ 

 

Participant’s Name__________________     Phone Number_______________________ 

 

Email_________________________  Alternative Phone Number______________________ 

 

Preferred Date and Time__________________________________________________________ 

 

Scheduled Date and Time_________________________________________________________ 

 

Hello, thank you for your interest in our ‘tDCS-MR study’. This is an eligibility check form for 

the study. Some of these questions will be personal in nature, such as medical conditions or any 

drugs or medications you are taking. If you feel these questions are too personal, feel free to stop 

at any time. You will probably feel more comfortable if you are in a private area when answering 

these questions. All information that we collect is confidential and protected. 

 

 

General Information YES NO Note 

Gender M F  

Date of birth (current age)   Should be 18-40 

What is your height?    

Weight?   Should be < 325 lb. 

Are you a native English speaker?    

Are you left-handed? L R  

Do you have an uncorrectable vision problem?   Should correct for beh. exp. 

Part I YES NO Note 

Do you have a hearing aid? (Is it removable?)    

Do you have body piercing jewelry?  

(Is it removable?) 
   

Tattoos or permanent make-up? 

(Where?) 
   

Prosthetic limbs? 

(Where/Removable?) 
   

Have you had any surgery or operation lately (5 

years)? 
   



 

64 

Are there any metal pieces inside your body that 

were… 
  Multiple questions 

…inserted due to surgical processes?    

…implanted in the cochlea or nerves?    

…inserted for dental practices, such as braces, 

implants, teeth fillings (crowns), and retainers? 
   

…externally attached for any treatments?    

(For females) Are you…   Multiple questions 

…taking any oral contraceptives or receiving 

hormonal treatment? 
   

…using contraceptive appliances?    

…taking any type of fertility medication or having 

fertility treatment? 
   

…currently pregnant, or is it possible that you are 

pregnant? 
   

Do you have any breathing problems  

(e.g. asthma, allergic reactions)? 
   

Motion disorders  

(e.g. tremors, Parkinson’s disease)? 
   

Are you claustrophobic (are not sure)?    

Have you ever been diagnosed with any severe 

disease that required long-term care?  

(e.g. thyroid or cardiac disorders) 

   

Do you have any diseases that affect your blood 

pressure, such as anemia? 
   

Any history of renal disease?    

Any other significant cardiac history?    

Part II YES NO Note 

Have you ever been seen by a neurologist or 

neuropsychologist? 
  Even once 

Have you ever had a seizure?    

Epileptic insult (pathological and regular)?    

Have you ever had a head injury so that you   Multiple questions 

…lost consciousness?   More than 2 minutes, 

FLAG 

…felt dizziness leading to nausea or 

disorientation? 
   

…had a persistent headache?    

…sought medical attention?    
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Have you ever had any other severe trauma to the 

brain, such as a stroke, tumor, or cerebral 

hemorrhage? 

   

Medications YES NO Note 

Are you taking any kind of medications, such as 

anti-depressant? 
   

Are you taking Adderall, Ritalin  

(ADHD medications)? 
   

Any other prescription stimulants  

(e.g. diet pills that have stimulants)? 
   

Have you ever taken any illicit drugs, such as 

marijuana? (When? Chronic use?) 
   

Finally, would you be interested in being contacted 

for future studies with our lab? 
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APPENDIX B 

QUESTIONNAIRE ON SENSATIONS DURING STIMULATION 

Subject code:____________________________________ Date:___/___/_______ 

Experiment:_________________________________________________________________ 

 

Did you experience any discomfort or annoyance during the electrical stimulation? Please 

answer the following questions regarding the different sensations and indicate the degree of 

intensity of your discomfort according to the following scale: 

 

*None – I did not feel the described sensation (0) 

*Mild – I mildly felt the described sensation (1) 

*Moderate – I felt the described sensation (2) 

*Considerable – I felt the described sensation to a considerable degree (3) 

*Strong – I strongly felt the described sensation (4) 

 

In the stimulation block: 

 
Itching:   □None  □Mild  □Moderate □Considerable  □Strong 

Headache:  □None  □Mild  □Moderate □Considerable  □Strong 

Neck pain:  □None  □Mild  □Moderate □Considerable  □Strong 

Scalp pain:  □None  □Mild  □Moderate □Considerable  □Strong 

Burning:  □None  □Mild  □Moderate □Considerable  □Strong 

Warmth/Heat:  □None  □Mild  □Moderate □Considerable  □Strong 

Pinching:  □None  □Mild  □Moderate □Considerable  □Strong 

Metallic/Iron taste: □None  □Mild  □Moderate □Considerable  □Strong 

Fatigue:  □None  □Mild  □Moderate □Considerable  □Strong 

Other___________: □None  □Mild  □Moderate □Considerable  □Strong 

When did the discomfort begin? 

□At the beginning of the block      □Approximately at the middle of the block     □At the end of the block 

How long did it last? 

□It stopped quickly       □It stopped in the middle of the block        □Until the end of the block 

Identify whether these sensations were located over the head or in a different location: 

□On the head      □Other_____________________________ 



 

67 

Do you believe that you received a real or placebo stimulation? 

□Real     □Placebo    □I don’t know 

 

For the researcher/clinician: 

Please report any adverse event/problem (e.g. skin irritation, headache, scalp pain, dizziness, or 

others, please specify) that occurred and rate the event/problem on a scale from 1 to 4 as 

previously described. 

 

 

 

 

 

Additional comments: 
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